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Abstract
The radio source J1819+3845 underwent a period of extreme interstellar scintillation between circa 1999 and 2007.
The plasma structure responsible for this scintillation was determined to be just 1-3 pc from the solar system and to
posses a density of ne ∼ 102 cm−3 that is three orders of magnitude higher than the ambient interstellar density (de
Bruyn & Macquart 2015). Here we present radio-polarimetric images of the field towards J1819+3845 at wavelengths
of 0.2, 0.92 and 2 m. We detect an elliptical plasma globule of approximate size 1◦× & 2◦ (major-axis position angle of
≈ −40◦), via its Faraday-rotation imprint (≈ 15 rad m−2) on the diffuse Galactic synchrotron emission. The extreme
scintillation of J1819+3845 was most likely caused at the turbulent boundary of the globule (J1819+3845 is currently
occulted by the globule). The origin and precise nature of the globule remain unknown. Our observations are the first
time plasma structures that likely cause extreme scintillation have been directly imaged.
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1. INTRODUCTION
The light curves of a small fraction (∼ 10−3 epoch−1)
of extragalactic radio sources show the effects of passage
through anomalously dense discrete interstellar plasma
structures (Fiedler et al. 1987). Referred to as extreme
scattering events (ESEs), these phenomena cannot be
explained by the canonical Kolmogorov-like turbulence
thought to pervade the interstellar medium (Armstrong
et al. 1995). Rather, they are inferred to be associated
with small (0.1–10 AU) over-dense (ne ∼10–103 cm−2)
plasma structures (Fiedler et al. 1987). How such over-
dense plasma structures can exist in pressure equilib-
rium with the ambient ISM density of ne ∼ 0.03 cm−3
remains unresolved.
Several models have been advanced to eliminate the
over-pressurization problem. One class of models in-
vokes the ionized sheath of self-gravitating sub-stellar
objects of neutral or molecular gas. These ‘failed stars’
must, however, contain a significant fraction of the
Galactic dark matter to account for the observed ESE
rates (Walker & Wardle 1998). Another class of mod-
els invokes chance alignments of plasma sheets extended
along the line of sight. The sheets can furnish the re-
quired electron column at modest over-densities (Gol-
dreich & Sridhar 2006; Pen & King 2012). Neither the
elongated sheets, nor the isolated self-gravitating objects
have been directly observed. More recently, Walker et
al. (2017) have proposed that extreme scintillation is
caused by the photo-ionized sheaths of molecular clumps
around hot stars, similar in nature to the cometary knots
seen in planetary nebulae such as the Helix (NGC7283;
Vorontsov-Velyaminov 1968).
The apparent impasse in determining the nature of
these anomalous plasma structures is largely due to the
lack of meaningful morphological information. Radio-
wave scintillation only constrains transverse fluctuations
in the column density of free electrons. It provides
no meaningful information on the line of sight mor-
phology of these anomalous plasma structures. The
length-scale of transverse density perturbations probed
by scintillation is given by the Fresnel length rF ≈
10−4(λcmDpc)1/2 AU, where λcm is the electromagnetic
wavelength in cm, and Dpc is the distance to the scat-
tering plane in parsecs. Scattering in the Galactic ISM
therefore probes plasma density fluctuations on scales
that are a tiny fraction of an AU. Evolution of scin-
tillation properties over time yields some information
on the spatial morphology of the implicated ISM struc-
tures on AU-scales but only over a quasi-linear transect.
Hence, even the (two-dimensional) transverse morphol-
ogy of these anomalous ISM structures has been inac-
cessible.
Much of what we know about discrete plasma struc-
tures in the Galaxy comes from imaging of emission
line nebulae such as HII regions which have typical
emission measures of EM > 104 pc cm−6. The plasma
structures implicated in radio wave scintillation typi-
cally have EM < 1 pc cm−6, and are therefore difficult
to image via traditional means.
Here, we report the first direct imaging of an anoma-
lous plasma structure implicated in the scintillations of
the radio source J1819+3845 whose extreme ∼ 30%-
modulated variations1, exhibited on timescales < 0.5 hr,
are attributed to turbulence estimated to be only 1-3 pc
from Earth (Macquart & de Bruyn 2007; de Bruyn &
Macquart 2015). The morphology of the plasma struc-
ture is revealed in images of its Faraday rotation imprint
on the background diffuse polarized emission from the
Galaxy, and enables direct comparison against proposed
explanations of its physical properties.
2. OBSERVATIONS
2.1. Rotation measure synthesis
The radio data presented here use the diffuse linearly
polarized synchrotron emission from the Galaxy as a
‘back-light’ to study intervening magneto-ionic plasma
structures. Propagation through such plasma imparts
a Faraday rotation of the electric field vector (EFV) by
an angle given by φ = RMλ2 where λ is the wavelength
of light and RM is the rotation measure. The rotation
in the phase angle of the complex polarization vector
(CPV): P = Q+iU, is χ = 2φ (see Burn 1966; Brentjens
& de Bruyn 2005, for a review).
We use the RM synthesis technique (rmsynthesis
hereafter; Brentjens & de Bruyn 2005) to convert spec-
tral image cubes of the CPV to Faraday cubes. This
step separates the polarized emission into components
corresponding to different RM values.
2.2. WSRT 92-cm
Data were acquired with the Westerbork Synthesis
Radio Telescope (WSRT) in 2013 April on four con-
secutive nights (12 h per night). We obtained visibil-
ities on baselines that have separations of b + 72im
(i = 0, 1, 2, ...37), where b = 36, 54, 72, and 90 m for the
four nights respectively. Visibilities had a contiguous
frequency coverage between 311 and 381 MHz, with a
resolution of 156 kHz. Images were made at each chan-
nel with a uv-taper (25% value) of 650 1300 2600 m
baseline length at 350 MHz.
1 Modulation index is the ratio of standard deviation of varia-
tions to the mean.
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Most of the polarized Galactic emission appears be-
tween RM ≈ 30 and 65 rad m−2, broadly consistent with
the range of values measured for extragalactic sources
in this field (Taylor et al. 2009; de Bruyn & Macquart
2015). Figure 1 (top-left panel) shows the peak polar-
ized emission (across all RM values) in each pixel for the
mid-resolution data (PSF ≈ 150′′×100′′). We find mot-
tled emission across the field with a brightness of ≈ 1 K.
The top-right panel of Fig. 1 shows the Faraday image —
the RM at which the peak occurs. Here we see a discrete
elliptical region of size 1◦× & 2◦ (PA ≈ −40◦) where the
Faraday depth is offset by about 15 rad m−2 relative to
the background. J1819+3845 is co-incident (. few PSF-
widths) with the Northern edge of the plasma globule.
We argue in §3 that the scintillations were caused at
the turbulent boundary of the globule. The scintillation
data constrains the declination speed of the plasma to
be about +20 km s−1 due North (de Bruyn & Macquart
2015); J1819+3845 is therefore currently being occulted
by the globule.
2.3. LOFAR 2-m polarimetry
The 2 m interferometric data were acquired on 2013
June 27 with the Low Frequency Array (LOFAR; van
Haarlem et al. 2013). Visibilities were acquired over a
74 MHz bandwidth centered on 152 MHz. Interference
was flagged at the correlator resolution of about 3 kHz
and 2 s using the aoflagger program (Offringa et al.
2012). The data were then averaged to a resolution of
195 kHz and 10 s. The 48 core-stations yield visibili-
ties on baselines up to about 3 km in length. We then
used the BlackBoard SelfCal (BBS) LOFAR calibration
package to calibrate towards, and peel the bright off-axis
(about 20 deg from J1819+3845) radio source Cygnus A
with a solution cadence of 195 kHz and 1 min. We used
a two-component model to account for the dominant
lobes of Cygnus A. We then constructed a model for the
field using the 327 MHz WENSS catalog (Rengelink et
al. 1997) and the 74 MHz VLSS catalog (Cohen et al.
2007). By using a nominal model for the LOFAR pri-
mary beam, we identified all sources present in both
catalogs and had > 1 Jy of apparent flux density at
150 MHz. We used this model to bandpass calibrate the
visibilities at a solution cadence of 195 kHz and 1 min.
We then subtracted these sources from the visibilities.
Finally, we predicted the ionospheric Faraday rotation
during the 8 hr synthesis using RMextract software, and
de-rotated the Stokes Q and U visibilities to remove this
effect.
Dirty stokes Q and U images at 195 kHz wide chan-
nels were made using the CASA imager at 4′, 6′ and 8′
resolution. Using rmsynthesis, we searched for polar-
ized emission between RMs of −100 and +100 rad m−2.
We detected several polarized point-like sources known
from the NVSS catalog at RMs ranging from about
50 rad m−2 to 100 rad m−2. Faint (∼ 100 mK, in 6′ im-
ages) diffuse emission was observed only at relatively low
RMs of around 5 rad m−2 (see Figure 1). We separately
made Faraday cubes by splitting the available band-
width into three parts. This diffuse emission is only seen
in the upper band, suggesting significant beam and/or
depth-depolarization of the emission at 2 m wavelength.
2.4. WSRT 21-cm polarimetry
The data processing of the 20-cm images is described
in de Bruyn & Macquart (2015). We find about 50 mK
of diffuse Galactic emission in 60′′ × 80′′ images in the
J1819+3845 field, centered at RM ≈ 60 rad m−2 (image
shown in Fig. 2).
3. DISCUSSION
3.1. Interpretation of the polarimetric maps
The multi-wavelength data, with their differing sensi-
tivity to diffuse structures and Faraday depths, enables
us to assemble a comprehensive picture of the magneto-
ionic medium towards J1819+3845.
Polarized Galactic emission of a few Kelvin brightness
on angular scales of & 1′ is ubiquitous in interferometric
measurements made at λ ≈ 1 m (de Bruyn et al. 2006).
The polarized structure is typically uncorrelated with
total intensity structure (Bernardi et al. 2009, 2010) be-
cause the bulk of the polarized structure is the result
of spatial variations in the Faraday rotation in the in-
tervening magneto-ionic medium, rather than structure
intrinsic to the emission itself. Based on the structure
evident in the 92-cm images in Fig. 1, we argue that this
applies to the field surrounding J1819+3845.
The key to a unified interpretation of the three polar-
ization datasets rests upon the fact that Faraday images
made in each spectral window are sensitive only to RM
fluctuations that lie in a ‘sweet spot’ between two oppos-
ing factors. Only RM fluctuations with sufficient ampli-
tude on scales comparable to the interferometer fringe
spacing are detectable. By contrast, RM fluctuations
of sufficiently large amplitude on scales comparable to
the synthesized beam lead to beam depolarization and
hence non-detection.
We attempted to quantify the interplay between
these effects in our data by performing a simple one-
dimensional integration of the CPV over a range of
phase angles to obtain the following approximate result:
beam-depolarization reaches levels of 50% and 90%
when the fluctuations in RMλ2 over the interferometer
resolution reach levels of 0.6pi and 0.9pi respectively.
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Figure 1. Peak polarized intensity (left-panels) and rotation measure of the peak polarized intensity (right-panels). Upper
row: WSRT 92 cm data. Lower row: LOFAR 2 m data. The bright rings centered on 18h21m20.8s, +39◦42′45′′ in the 92-cm
data are due to imperfect subtraction of the bright quasar 4C+39.56. Black ellipses in the insets (white background) show the
beam size. The location of J1819+3845 is shown with a filled cyan circle.
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Interferometric sensitivity peaks around RMλ2 ≈ 0.4pi,
and reaches 50% of its peak value at RMλ2 ≈ 0.1pi. We
further note that the Faraday depth resolution, ∆RM
is limited by the wavelength coverage, ∆λ2, to values
∆λ2 ∆RM & 0.5.
Our interpretation is as follows. The main feature of
interest is the 15 rad m−2 globule detected in the 92-
cm data. The polarized emission evident in the 2-m
images originates in front of the globule. Bulk of the
20 cm emission originates behind the globule. The ‘RM-
edge’ imparted by the globule at its boundary is possibly
detected at 20 cm.
We first reconcile the 2-m data with the Faraday im-
print of the 15 rad m−2 elliptical globule evident in the
92-cm data. The absence of the corresponding struc-
ture in the 2-m image over the entire range from −100
to +100 rad m−2 suggests that the 2-m polarized emis-
sion at ≈ 5 rad m−2 and ≈ 100 mK brightness originates
in front of the globule at . 1 pc from the Sun. This
is consistent with the general expectation that the ob-
served polarized emission at longer wavelengths origi-
nates from closer distances (the so called ‘polarization
horizon’) due to a combination of beam and depth depo-
larization. Sun et al. (2011) find a polarization horizon
of 4 kpc at λ = 6 cm, which corresponds to 3.6 pc at
λ = 2 m. While this is only a rough upper-limit2, it
is consistent with the relatively local origin of the 2 m
emission in our model. In addition, any polarized emis-
sion originating behind the globule at 92 cm would suffer
catastrophic beam depolarization at 2 m; a > 90% de-
polarization at 2 m, for instance, requires fluctuations of
about > 0.7 rad m−2 over the 6′ beam size, correspond-
ing to > 0.3rad m−2 fluctuations at the 2′ resolution of
the 92-cm images3. This is consistent with the mag-
nitude of RM variations that would yield the mottled
structure in the 92-cm images.
We next consider the 20 cm data. Here the mottled
∆RM & 0.3 rad m−2 structure seen at 92 cm only im-
parts a ∼ 0.02 rad rotation of the CPV at 20 cm and,
as anticipated, is absent from the 20 cm map. The
only imprint from the globule that the 20 cm data is
expected to be sensitive to is its edge, where we ex-
pect a δRM ≈ 15 rad m−2 change to yield a perceptible
shift in the CPV position angle of ≈ 68◦. If the CPV
shift happens within the beamwidth, we expect to see a
‘canal’-like feature along the globule edge (Haverkorn et
al. 2004). We find a canal-like feature to the North-East
2 Other authors find distances that several times larger (e.g.
Uyaniker et al. 2003).
3 We assume that the variance of fluctuations versus angular
scale is a power law with an index of -1.65 (Bernardi et al. 2009).
of J1819+3845 at a projected distance of about 190′′ at
a position angle of about −37◦ from J1819+3845 (see
Fig. 2; green line). This RM-edge however does not ex-
tend throughout the field of view of the 20 cm images.
In addition ‘canals’ are quite ubiquitous in 21-cm maps.
Shukurov & Berkhuijsen (2003) find that the average
separation between canals in 20-cm maps is ∼ 5′ which
is comparable to the uncertainty in the location of the
globule edge. As such, we are unable to unambiguously
detect the globule’s edge on the 20-cm maps.
3.2. Relationship between the globule and the
scintillations
While it is obviously infeasible to make an unambigu-
ous association of the observed magneto-ionic RM struc-
ture (arcminute to degree scales), with the turbulence
responsible for the scintillations in J1819+3845 (micro-
arcsecond scales), three remarkable characteristics make
the case for an association compelling:
• Polarimetric imaging with LOFAR at λ = 2 m typ-
ically reveals 5 − 30 K of polarized emission de-
pending on the field (Iacobelli et al. 2013; Jelic´ et
al. 2014, 2015; Van Eck et al. 2017). We instead
only find 0.1 K of emission towards J1819+3845,
suggesting the presence of a particularly turbulent
depolarizing structure, such as the globule, well
within the polarization horizon at λ = 2 m. This
places the globule in the same distance range as
the scintillating screen towards J1819+3845.
• Plasma globules are rare. The WENSS polariza-
tion survey detected only one similar structure
over a field of 1000 sq.deg.; this structure was ring-
like (Schnitzeler et al. 2007), with a radius of
1.4◦ and an RM change of |∆RM| = 8 rad m−2
(Haverkorn, 2003). The probability of finding a
globule in the 2◦ × 2◦ field imaged at 92-cm by
chance is only 2%.
• The edge of the structure is located within a few
beamwidths, . 6′, of the position of J1819+3845.
This is remarkable given that its scintillations
ceased circa 2006.8 (see de Bruyn & Macquart
(2015, fig. 3 upper-panel)). The proximity of
the cloud edge suggests a connection of this event
with the passage of this cloud edge from the
line of sight. We estimate the probability that
J1819+3845 should lie within 6′ of the edge of a
globule by chance. This is determined by the fill-
ing factor of the edges of such globules, equivalent
to the product of the the filling factor of globules
with the the fraction of their area subtended by
edges. Based on the globule detected here, the
6 Vedantham et al.
total filling factor of such edges is 0.2%. The
chance of coincidental association appears negli-
gibly small.
The line-of-sight and transverse positional coincidence of
the globule with the scintillating screen leads us to con-
clude that the scintillations in J1819+3845 were most
likely caused by the turbulent edge of the globule.
3.3. Thickness and proper motion of the edge
The duration of the scintillations in J1819+3845 can
be used to determine the thickness of the turbulent
edge and bulk proper motion of the globule. Scintil-
lations were discovered in 1999, but J1819+3845 may
have exhibited scintillation as early as 1986 (de Bruyn
& Macquart 2015). We make the reasonable assumption
that the scintillation velocity with respect to the solar
barycenter of ∼ 35 km sec−1 may be equated to the bulk
motion of the globule. If the edge normal makes an
angle α with respect to the scintillation velocity, then
the cloud edge thickness, ∆θedge, scintillation duration
(∆T ) and screen distance are related by
∆θedge = 61
′′ sinα
(
vscreen
35 km s−1
)(
∆T
8 yr
)(
Dscr
1 pc
)−1
.(1)
If the scintillations existed in 1986, ∆θedge could be as
large as 160′′ sinαD−1pc , of the same order as the angu-
lar scale of the mottled structure in the 92-cm maps.
The proper motion of the globule of ∼ 75′′ decade−1 is
detectable with future observations and, in combination
with the measured scintillation velocity, could indepen-
dently corroborate the distance to the globule.
Fig. 2 shows the locations of steep spectrum (cyan
traingles) and flat spectrum (cyan rectangles) sources in
the field for which de Bruyn & Macquart (2015) present
light curves. Of these two source-classes, flat spectrum
sources typically are compact enough to show scintilla-
tion (Lovell et al. 2008). Both flat-spectrum sources that
lie close to the globule’s boundary did exhibit & 10%
modulated flux variations as expected. Renewed mon-
itoring of these and other flat-spectrum sources along
the globule’s edge can further constrain its thickness and
proper motion.
3.4. Physical properties of the globule
Expressions governing the physical properties of
the globule, incorporating the derived (8.4 ± 0.6) ×
10−3 kpc m−20/3 scattering measure, are given by de
Bruyn & Macquart (2015, their §4.4). Their main
assumptions are (1) Kolmogorov-type turbulence, (2)
equipartition between the thermal electrons and mag-
netic field (plasma β = 1), and (3) an emission measure
(EM) increment of 2 pc cm−6. We revisit these con-
straints in light of our work— specifically, the degree-
scale size of the globule and its RM ≈ 15 rad m−2 offset.
To account for the large angular scale of the globule, we
smoothed the Virginia Tech Hα survey maps4 (Denni-
son et al. 1998) to a resolution of ≈ 10′ to arrive at a
constraint on the Hαbrightness of the globule of about
1.5 Rayleigh (EM ≈ 4 Rayleigh). We further assume an
electron temperature of 104 K, Dsrc = 1 pc, and globule
size of 2◦ (i.e. a depth of ∆L ≈ 7 × 104 au.). The large
RM of the globule can be reconciled if we relax the
equipartition assumption; for Dscr = 1 pc (or 3 pc), a
plasma β-parameter of< 1/7 (or< 1/4) is required, sug-
gesting that the dense plasma is magnetically confined.
The corresponding electron density and magnetic field
strength are in the range < 10 (or 6) cm−3 and < 50 (or
30)µG respectively, and the outer-scale of turbulence is
lo > 0.1 au. We caution that the region under considera-
tion sits at the interface of the ISM and a dense globule,
and thus in a highly dynamic environment. As such,
the assumption of Kolmogorov turbulence as employed
here may not apply.
3.5. Outlook
It is difficult to directly constrain the thin-sheets
model of Goldreich & Sridhar (2006) & Pen & King
(2012) with our observations. The putative sheets prob-
ably possess a thickness of ∼ 1010 cm (Goldreich & Srid-
har 2006) whereas our RM observations have a trans-
verse resolution of 1015Dsrc cm. A theoretical investiga-
tion into the feasibility of the development of such sheets
at a turbulent boundary of a dense globule may prove
fruitful.
The self-gravitating ‘failed stars’ model is difficult to
reconcile with the observed globule. The proposed neu-
tral objects have a size of ∼ 1 au. with an ionized
sheath probably ten times as large (Walker & Wardle
1998), whereas the globule we find is & 103 times larger.
However, we make the distinction between rapid intra-
day variability observed in J1819+3845 and singular U-
shaped time-symmetric events found by Fiedler et al.
(1987); this model may still be applicable to the latter
phenomenon and not to J1819+3845.
The association of the RM globule with the proposed
cometary knots around Vega (Walker et al. 2017) suf-
fers from three discrepancies. (1) The likely distance to
the globule is 1− 3 pc, whereas Vega is 7.8 pc away. (2)
The orientation of the RM globule (PA ≈ −40◦) is not
that expected for a cometary tail formed due to photo-
4 Details and data may be found at http://www1.phys.vt.edu/
~halpha/
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Figure 2. Left panel: 20-cm polarized intensity at RM = 60 rad m−2. Right panel: Same as Fig. 1 top-right panel. Approximate
contours of the globule seen in 92-cm data are overplotted in gray. The Faraday canal (see §3.1) is marked in green. Filled cyan
circle shows the location of J1819+3845. Filled cyan triangles and squares respectively show the location of steep spectrum and
flat spectrum sources whose light-curves are presented in de Bruyn & Macquart (2015).
ablation from Vega’s radiation (Vega is at PA ≈ 90◦
from J1819+3845). (3) At a size of 103 − 104 au, the
globule is far larger than known size of cometary knots
in planetary nebulae. Regardless, the proposed anal-
ogy to cometary knots is only suggestive (Walker et al.
2017), and we advocate for a search for molecular gas
associated with the globule via imaging in ro-vibrational
lines.
Finally, we remark that the globule may be the clos-
est astronomical object to the solar system. The large
proper motion of the globule is a falsifiable prediction of
its association with the scintillations of J1819+3845.
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